Synaptotagmin-12 (Syt12) is an abundant synaptic vesicle protein that-different from other synaptic vesicle-associated synaptotagmins-does not bind Ca 2ϩ . Syt12 is phosphorylated by cAMP-dependent protein kinase-A at serine-97 in an activity-dependent manner, suggesting a function for Syt12 in cAMP-dependent synaptic plasticity. To test this hypothesis, we here generated (1) Syt12 knock-out mice and (2) Syt12 knockin mice carrying a single amino-acid substitution [the serine-97-to-alanine-(S97A)-substitution]. Both Syt12 knock-out mice and Syt12 S97A-knockin mice were viable and fertile, and exhibited no measurable change in basal synaptic strength or short-term plasticity as analyzed in cultured cortical neurons or in acute hippocampal slices. However, both Syt12 knock-out and Syt12 S97A-knockin mice displayed a major impairment in cAMP-dependent mossy-fiber long-term potentiation (LTP) in the CA3 region of the hippocampus. This impairment was observed using different experimental configurations for inducing and monitoring mossy-fiber LTP. Moreover, although the Syt12 knock-out had no effect on the short-term potentiation of synaptic transmission induced by the adenylatecyclase activator forskolin in cultured cortical neurons and in the CA1 region of the hippocampus, both the Syt12 knock-out and the Syt12 S97A-knockin impaired the long-term increase in mossy-fiber synaptic transmission induced by forskolin. Thus, Syt12 is essential for cAMP-dependent presynaptic LTP at mossy-fiber synapses, and a single amino-acid substitution that blocks the cAMP-dependent phosphorylation of Syt12 is sufficient to impair the function of Syt12 in mossy-fiber LTP, suggesting that cAMP-dependent phosphorylation of Syt12 on serine-97 contributes to the induction of mossy-fiber LTP.
Introduction
Synaptotagmins are membrane proteins composed of a short N-terminal noncytoplasmic (usually intravesicular) sequence, a single transmembrane region, a linker sequence of variable length, and two C2-domains. Synaptotagmins were discovered with the identification of synaptotagmin-1 (Syt1), the Ca 2ϩ -sensor for neurotransmitter release in presynaptic nerve terminals (Perin et al., 1990) . Mammals contain 16 genes encoding synaptotagmins. Eight of these synaptotagmins bind Ca 2ϩ via their C2-domains (Syt1-Syt3, Syt5-7, Syt9, and Syt10), whereas the other eight synaptotagmins do not [Syt4, Syt8, Syt11-16 (Pang and Südhof, 2010) ]. Among the Ca 2ϩ -binding synaptotagmins, Syt1, Syt2, and Syt9 function as fast Ca 2ϩ -sensors for neurotransmitter release and neuroendocrine exocytosis, and Syt10 acts as a Ca 2ϩ -sensor for IGF-1 exocytosis (Geppert et al., 1994; Xu et al., 2008; Cao et al., 2011) . The function of the Ca 2ϩ -independent synaptotagmins, however, remains largely unclear.
Among Ca 2ϩ -independent synaptotagmins, only Syt4 has been extensively studied. In different contexts, Syt4 was found to act as an activator or as an inhibitor of exocytosis (Littleton et al., 1999; Ferguson et al., 2000 Ferguson et al., , 2004 Wang et al., 2001; Machado et al., 2004; Zhang et al., 2004; Yoshihara et al., 2005; Ting et al., 2006; Barber et al., 2009; Zhang et al., 2011) . No clear function for Syt4 in mammals has emerged, and its localization in mammals continues to be uncertain. In contrast, in Drosophila conclusive evidence revealed a function of Syt4 in postsynaptic exocytosis (Yoshihara et al., 2005; Barber et al., 2009) . Among the other Ca 2ϩ -independent synaptotagmins, only Syt12 has been studied in some detail (Maximov et al., 2007a) . Syt12 was found to be colocalized with Syt1 and bound to Syt1 on synaptic vesicles. Syt12 is phosphorylated by cAMP-dependent protein kinase A (PKA) at a single residue (serine-97), suggesting that Syt12 may modulate Ca 2ϩ -triggering of release by Syt1 in a cAMP-dependent manner (Maximov et al., 2007a) . However, these studies were performed exclusively in vitro, and no further tests of Syt12 function were presented. Here, we have examined the function of Syt12 using a combined genetic and electrophysiological approach. We generated and analyzed Syt12 knock-out (KO) and Syt12 knockin (KI) mice. The latter carry a single alanine substitution of serine-97, the PKA-dependent phosphorylation site of Syt12 (referred to as the Syt12 S97A substitution). Our data reveal that Syt12 is not essential for basal synaptic transmission, and does not detectably contribute to short-term plasticity, but is required for cAMPdependent mossy fiber LTP (mfLTP), a presynaptic form of longterm plasticity that is induced by PKA activation (Huang et al., 1994; Weisskopf et al., 1994 ). Our results demonstrate that both the Syt12 S97A substitution and the Syt12 KO severely impair mfLTP, and that Syt12 is required for the long-term increase in mossy-fiber synaptic transmission that is induced by forskolin and may mimic mfLTP. Thus, our results suggest that Syt12 is at least one of the elusive PKA-targets postulated to mediate LTP at the mossy fiber to CA3 pyramidal-cell synapse, and thereby address a long-standing problem that has hindered our understanding of this important form of synaptic plasticity.
Materials and Methods
Generation of Syt12 S97A-substituted KI and Syt12 KO mice. Syt12 S97A KI and Syt12 KO mice were generated by standard procedures (Rosahl et al., 1993; Ho et al., 2006) using homologous recombination in embryonic stem cells targeting exon 4 of the Syt12 gene. In brief, a ϳ15 kb genomic clone containing exon 4 up to the 3Ј untranslated region (UTR) was isolated using a 32 P-labeled probe for exon 4 of Syt12, which was amplified with primers YJ0601 (GCTGTCACCTAGCGATGGTGCC) and YJ0602 (CACGATCTGT TCGTCTGGCAGC). The targeting vector contained a Ser-97-Ala mutation in exon 4, and exon 4 -6 were flanked with loxP sites for cre recombination; neomycin resistance gene flanked by frt sites was introduced at a nonconserved region between exon 5 and 6; and a diphtheria toxin (DT) expressing cassette was inserted at the end of 3Ј UTR. Homologous recombination was achieved by electroporation of the linearized targeting construct in R1 embryonic stem cells (Nagy et al., 1993) , and positive clones were isolated by drug selection and screened by Southern blotting and PCR genotyping. Clones with confirmed homologous recombination were then injected into C57BL/6 blastocysts. Southern blotting was performed with 32 P labeled probes that anneal to the genomic sequences outside the 5Ј and 3Ј arms of the targeting vector: AseI restriction digest results in a 10.3 kb fragment for wild-type (WT) DNA, and 3.6 kb for mutant clones with additional AseI site that was introduced with loxP and S97A point-mutation (Fig. 1B) ; SpeI sites for 3Ј downstream gives 12.3 kb for WT and 7.2 kb for mutant clone with additional SpeI introduced with neo cassette (data not shown). Flp recombinase transgenic mice (Dymecki, 1996) were used to remove the neomycin resistance cassette for Syt12 S97A KI, followed by breeding to protamine-cre transgenic mice (O'Gorman et al., 1997) to generate constitutive Syt12 KO. The floxed, flp recombined Syt12 S97A allele was genotyped by PCR with oligonucleotide primers YJ08109 (TAGGCTGT CAAGTCCAATAGGTCC)andYJ08110(TACAGAAATAGTCTGTCAC CCTGG). This reaction results in a 218 bp WT band and a 317 bp floxed band. The Syt12 KO allele was genotyped with YJ0601 (GCTGTC ACC TAGCGATGGTGCC) and YJ0602 (CACGATCTGTTCGTCTGGCAG C) to identify a 447 bp WT band, and with YJ07068 (ATGTCCTTAAGT GCTGGTCCC) and YJ08109 to detect a 297 bp mutant band. All animal experiments were performed according to institutional guidelines. The Syt12 S97A KI mouse line was submitted to the Jackson Laboratories and is freely available to the community. Animal procedures adhered to National Institutes of Health guidelines and were approved by our respective Institutional Animal Care and Use Committees.
Generation of phospho-specific Syt12 antibody. Fourteen amino acid peptides containing the phosphorylated Ser 97 (CPPSRKGS 97 LSIEDT) were synthesized in the Protein Chemistry Technology Center at UT Southwestern Medical Center (Dallas, TX). Synthesized peptides were coupled with keyhole limpet hemocyanin (KLH) (Südhof et al., 1989) and injected into two rabbits for three consecutive times with interinjection intervals of 1 week. The blood was collected from the rabbits, and the red blood cells were separated from the antiserum by centrifugation. The antisera were tested by regular Western blotting procedures (see Protein quantification of brain homogenates, below) of tissue homogenates. The patterns of the bands were compared with band patterns of available Syt12 antibody (U5400), and antisera revealing positive signals were used for all experiments. Antibody specificity was unequivocally confirmed in the Syt12 KI and KO animals.
Protein quantification of brain homogenates. Brain tissue from three adult (P30) male littermate mice per genotype was isolated and homogenized in PBS, 10 mM EDTA, 1 mM PMSF, and proteinase inhibitor mixture tablet (Roche). Brain lysates (40 g) were separated by SDS-PAGE, and immunoblotting was performed with standard methods as described previously (Rosahl et al., 1995) . Radioisotope 125 I-labeled secondary antibodies were used for quantitative analyses followed by Typhoon PhosphorImager (GE Health Care Life Sciences) detection with Figure 1 . Generation of Syt12 S97A KI and Syt12 KO mice. A, Gene targeting strategy for Syt12 S97A KI and Syt12 KO mice. In the targeting vector, we introduced a serine-97 to alanine (S97A) point mutation into exon 4 (asterisk), and inserted a neomycin resistance cassette (neo) flanked by frt recombination sites into an evolutionarily nonconserved region of the intron between exons 6 and 7. Mice produced with the targeted allele were crossed with mice expressing flp recombinase to delete the neomycin resistance cassette, resulting in Syt12 S97A KI mice. Cre recombination in the Syt12 S97A KI mice in the germline was used to derive constitutive Syt12 KO mice (DT, diphtheria toxin-expressing cassette; A, AseI restriction sites used for Southern blotting). B, Southern blot analysis of genomic DNA from heterozygous embryonic stem cells after homologous recombination of the Syt12 targeting vector (ϩ/ki) and nonrecombined control cells (ϩ/ϩ). A 5Ј outside probe was used after AseI digest (WT band, 12.3 kb, mutant band, 3.6 kb) . C, Survival ratio of offspring from heterozygous matings of Syt12 S97A KI mice (left) and of Syt12 KO mice (right). The gray shaded area indicates the expected Mendelian ratio [n ϭ 83 mice total for the Syt12 S97A KI analysis (ϩ/ϩ: 15, ϩ/KI: 50, KI/KI: 18 mice) and n ϭ 120 mice total for the Syt12 KO analysis (ϩ/ϩ: 33, ϩ/KO: 58, KO/KO: 29)]. Neuronal cultures. Neuronal cultures were obtained from mouse cortex as described previously (Yang et al., 2010) . Briefly, mouse cortices were dissected from postnatal day 0 (P0) of Syt12 KO or littermate wildtype mice, dissociated by papain digestion (10 U/ml, with 1 M Ca 2ϩ and 0.5 M EDTA) for 20 min at 37°C, plated on Matrigel-coated circular glass coverslips (12 mm diameter), and cultured in MEM (Invitrogen) supplemented with 2% B27 (Invitrogen), 0.5% w/v glucose, 100 mg/L transferrin, 5% fetal bovine serum, and 2 M Ara-C (Sigma). Neurons were analyzed at DIV14 -16. For overexpression experiments, cortical neurons were infected with lentiviruses expressing wild-type Syt12, Syt12 S97A mutation, or control virus at DIV5 and analyzed 9 -10 d later (Maximov et al., 2007a) .
GDP dissociation inhibitor (GDI
Electrophysiological recordings in cultured neurons. Recordings were performed in whole-cell patch-clamp mode (Yang et al., 2010) . Evoked synaptic responses were triggered by a bipolar electrode placed 100 -150 m from the soma of neurons recorded. Patch pipettes were pulled from borosilicate glass capillary tubes (Warner Instruments) using a PC-10 pipette puller (Narishige). The resistance of pipettes filled with intracellular solution varied between 3 and 5 MOhm. After achieving the wholecell configuration and equilibration of the intracellular pipette solution, the series resistance was compensated to 8 -10 MOhm. Synaptic currents were monitored with a Multiclamp 700A amplifier (Molecular Devices). The frequency, duration, and magnitude of the extracellular stimulus were controlled with a Model 2100 Isolated Pulse Stimulator (A-M Systems) synchronized with Clampex 9.2 data acquisition software (Molecular Devices). The whole-cell pipette solution contained the following (in mM): 120 CsCl, 5 NaCl, 1 MgCl 2 , 10 HEPES, 10 EGTA, 0.3 Na-GTP, 3 Mg-ATP and 5 QX-314 (pH 7.2, adjusted with CsOH). The bath solution contained the following (in mM): 140 NaCl, 5 KCl, 2 MgCl 2 , 2 CaCl 2 , 10 HEPES-NaOH pH 7.4, 10 glucose. IPSCs and EPSCs were pharmacologically isolated by adding the AMPA and NMDA receptor blockers CNQX (10 M) and AP-V (50 M) or the GABA A -receptor blocker picrotoxin (100 M) to the extracellular solution. Spontaneous mIPSCs and mEPSCs were monitored in the presence of tetrodotoxin (TTX; 1 M) to block action potentials. Miniature events were analyzed in Clampfit 10 (Molecular Devices) using the template matching search and a minimal threshold of 5 pA, and each event was visually inspected for inclusion or rejection by an experimenter blind to the recording condition. Statistical analyses were performed with Student's t tests comparing test to control samples analyzed in the same experiments.
Electrophysiology in hippocampal slices. Syt12 WT and S97A littermate mice aged 3-6 weeks of both sex, as well as Syt12 WT and KO littermates, were shipped from Stanford University to the Albert Einstein College of Medicine. The recipient investigator was blind to genotype. Acute, transverse hippocampal slices (400 m thick) were prepared with a VT1200S Figure 2 . Characterization of protein expression in Syt12 KI and KO mice. A, Immunoblotting analysis of whole brain homogenates from Syt12 S97A KI and Syt12 KO mice using antibodies to Syt12 (top blot; upper band in ϩ/ϩ samples corresponds to phosphorylated Syt12 and lower band to nonphosphorylated Syt12) and to phospho-Syt12 that is phosphorylated on serine-97 (* denotes nonspecific band). Note the loss of Syt12 4 immunoreactivity with phospho-specific antibodies against Syt12 in the S97A KI sample. Liprin-␣3 antibodies were used as a loading control. B-E, Quantitative immunoblotting analysis of brain protein levels in littermate WT control mice and Syt12 S97A KI (B and C) or Syt12 KO (D and E). B and D depict representative blots visualized by PhosphorImager; C and E, quantification of protein levels using 125 I-labeled secondary antibodies (n ϭ 3 independent experiments). Cpx1/2, Complexin 1/2; ELKS1/2, Rab6-interacting protein; Raph, Raphilin; Syn, Synapsin; Syb2, Synaptobrevin-2; Synt1, Syntaxin-1). Statistical differences were assessed by Student's t test (*p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.001).
microtome (Leica). Hippocampi were isolated in ice-cold cutting solution containing the following (in mM): 215 sucrose, 20 glucose, 26 NaHCO 3 , 4 MgCl 2 , 4 MgSO 4 , 1.6 NaH 2 PO 4 , 1 CaCl 2 , and 2.5 KCl. Slices were then placed, at room temperature, in a holding chamber containing 50% cutting solution and 50% artificial CSF (ACSF) recording solution containing the following (in mM): 124 NaCl, 26 NaHCO 3 , 10 glucose, 2.5 KCl, 1 NaH 2 PO 4 , 2.5 CaCl 2 , and 1.3 MgSO 4 . After 30 min, the 1:1 solution was switched to ACSF. For some mossy fiber LTP experiments, ASCF containing 4 CaCl 2 and 4 MgCl 2 was used to reduce CA3 excitability. All solutions were equilibrated for 30 min with 95% O 2 and 5% CO 2 , pH 7.4. Slices recovered at room temperature for at least 1 h before transfer to a submersion-type recording chamber with temperature-controlling elements (Warner Instruments) and were perfused with ACSF at ϳ2 ml/min using a peristaltic pump (Rainin). Experiments were performed at room temperature.
To monitor synaptic transmission and plasticity, conventional field and whole-cell recordings were made with a Multi-Clamp 700A or 700B amplifier (Molecular Devices). For field recordings, patch-type stimulating and recording pipettes (ϳ2.6 -4.0 M⍀) were filled with ACSF and 1 M NaCl, respectively. For whole-cell recordings, pipettes were filled with intracellular recording solution containing the following (in mM): 131 Cs-gluconate, 8 NaCl, 1 CaCl 2 , 10 EGTA, 10 HEPES, 10 glucose, 5 Mg-ATP, and 0.4 Na-GTP (pH 7.25, 291 mmol/L). Series resistance (ϳ6 -25 M⍀) was monitored during experiments with a Ϫ5 mV, 80 ms voltage step. Neurons exhibiting Ͼ 20% change in series resistance were excluded from analysis. Excitatory extracellular field potentials (fEPSP) were recorded from the CA1 region of the hippocampus by stimulating Schaffer collaterals in stratum radiatum with monopolar square-wave pulses (100 -200 s) delivered through a stimulus isolator (Isoflex; AMPI). The peak amplitude of the fEPSP was analyzed during the experiments in which basal synaptic transmission was characterized, whereas fEPSP slope was analyzed for the input/output analysis. For extracellular mossy fiber-to-CA3 pyramidal cell recordings, the upper or lower blade of the dentate gyrus was stimulated (just at the hilar border) and field potentials were recorded in stratum lucidum in CA3. To monitor IPSCs from CA1 pyramidal cells, whole-cell recordings were obtained and neurons voltageclamped at ϩ10 mV. Inhibitory fibers located in stratum radiatum were stimulated while glutamatergic synaptic transmission was blocked using NMDA and AMPA/KA receptor antagonists (25 M D-APV and 10 M NBQX, respectively). To isolate mIPSCs, 1 M TTX was additionally bath applied. To induce long-term depression of inhibition (iLTD), we used a theta burst stimulation (TBS) protocol consisting of 10 bursts of 5 stimuli (100 Hz within each burst, 200 ms interburst interval) repeated 4 times, 5 s apart. For whole-cell recordings from CA3 pyramidal neurons to monitor mossy fiber synaptic transmission and plasticity, NMDA receptor-mediated EPSCs were pharmacologically isolated with 10 M NBQX and 100 M picrotoxin. Cells were voltage clamped at ϩ30 -40 mV to reduce the voltage-dependent Mg 2ϩ block of the NMDA receptor. Under these recording conditions, the stimulation intensity required to evoke an EPSC in the depolarized cell is reduced, thus limiting the likelihood of recruiting recurrent CA3 network activity. For experiments shown in Figure 6 , 20 mM BAPTA was included in the internal solution to prevent NMDA receptor desensitization, thus allowing a more accurate measurement of short-term plasticity dynamics (Tong et al., 1995) . For long-term plasticity, single test pulses were elicited every 20 s. Two stimuli spaced 40 ms apart were occasionally delivered during the baseline and post-LTP induction to monitor pairedpulse ratio (PPR) changes. mfLTP was elicited in normal ACSF or 4/4 ACSF with two trains of synaptic activity, each train containing 125 pulses at 25 Hz, spaced apart by 20 s. At the end of each individual mossy fiber experiment, 1 M DCG-IV, a group II mGluR agonist, was bath applied to determine the relative contribution of mossy fiber synaptic inputs. DCG-IV reduced responses by Ͼ85%. Mossy fiber responses were measured after subtraction of the remaining responses after DCG-IV application. The magnitude of long-term plasticity was determined by comparing baseline-averaged responses before induction with the last 30 min (see Fig. 7 ) or the last 10 min (see Figs. 8, 9 ) of the experiment. Example traces are averages of at least 30 consecutive sweeps taken from a single representative experiment.
Data acquisition and statistical analysis. Stimulation and acquisition were controlled by custom software. Output signals from field and whole-cell recordings were filtered at 2.4 kHz, acquired at 5 kHz, and stored online in IgorPro (Wavemetrics). All data are shown as means ϮSEM. Statistics were performed using OriginPro (Origin Lab), and statistical significance was determined by the Student's t test (two tailed . Characterization of excitatory and inhibitory synaptic transmission in acute slices of the hippocampal CA1 region from WT, Syt12 S97A KI, and Syt12 KO mice. A, Input/output relationship of excitatory synapses examined using extracellular field potential recordings in slices from littermate WT and Syt12 S97A KI mice. Representative traces, averaged over multiple sweeps in one slice, are shown on top for the stimulus intensities tested (5, 10, 20, 40, and 60 V). The fast component of the voltage response is the fiber volley (FV) and the remainder of the response is the synaptic potential (fEPSP). The positivity observed with strong stimulation intensities is the population spike. A summary plot of the field EPSP slope versus the fiber volley amplitude is shown below. B, Short-term plasticity at excitatory synapses assessed by field recording measurements of the paired-pulse ratio (PPR) in slices from WT and Syt12 S97A KI mice. Representative traces for paired-pulses at 20, 50, 200, 400, and 800 ms interstimulus intervals (ISI) are shown on top, with the fast and slow components of the responses again corresponding to the fiber volley and fEPSP, respectively, and a summary plot of the data is shown below. C, D, Same as A and B, except that littermate WT and Syt12 KO mice were analyzed. E, Input/output relationship at inhibitory synapses in slices from littermate WT and Syt12 S97A KI mice, assessed by whole-cell recordings. Representative traces, averaged over multiple sweeps in one slice, are shown on top, and a summary plot of the IPSC amplitude versus the stimulation strength is shown below. F, Same as B, except that PPR was measured by whole-cell recordings at inhibitory synapses. G, H, Same as E and F, except that slices from WT and Syt12 KO mice were analyzed. Data shown are means ϮSEM. Number of slices/mice tested are indicated in parenthesis. No significant difference in any of the comparisons was found using Student's t test ( p Ͼ 0.05).
distribution, paired) unless otherwise stated. All analyses compared mutant (the Syt12 KO or Syt12 S97A substitution KI) to WT neurons examined in littermate mice in the same experiments by an experimenter who was blind to the genotype; only statistically significant differences are noted, and a lack of statistically significant difference is not specifically mentioned.
Reagents. Stock solutions were prepared in water or DMSO, depending on the manufacturers' recommendation, and stored at Ϫ20°C. Upon experimentation, reagents were bath applied following dilution into ACSF. Final DMSO concentration was Ͻ0.01% total volume. NBQX, D-APV, and TTX were purchased from Ascent Scientific/Abcam. BAPTA and DCG-IV were purchased from Tocris Bioscience. Picrotoxin and salts for making ACSF and internal solution were purchased from Sigma.
Results
Generation of Syt12 S97A KI and Syt12 KO mice We constructed a targeting vector in which we mutated serine-97 in exon 4 to alanine, and additionally inserted loxP sites into the introns 5Ј of exon 4 and 3Ј of exon 6 (Fig. 1A) . The design of the targeting vector was guided by the goal of introducing a point mutation substituting alanine for serine-97, and of additionally allowing an out-of-frame deletion of exons (i.e., producing a KO). Given the large magnitude of PTP observed in extracellular recordings, the first three points after the stimulus trains were digitally removed to facilitate visualization of LTP. These points were not different between groups.
We used the targeting vector for homologous recombination in embryonic stem cells, and identified correctly recombined clones with Southern blotting (Fig. 1B) . We then generated mutant mice from three clones, crossed the mutant mice to transgenic mice expressing flp recombinase in the germ line to delete the neomycin resistance cassette (Fig. 1A) , and bred the resulting S97A-KI mice to homozygosity. In addition, we deleted Syt12 exons 4 -6 in the mutant mice by crossing them to transgenic mice expressing cre recombinase in the germ line, and also bred the resulting Syt12 KO mice to homozygosity. We systematically analyzed the survival of homozygous Syt12 S97A-KI and KO mice resulting from heterozygous matings in these crosses, but detected no impairment in survival caused by either the Syt12 S97A substitution or the Syt12 KO (Fig. 1C) .
Immunoblotting analyses of homozygous Syt12 S97A-KI mice with generic and phospho-specific Syt12 antibodies revealed that the Syt12 S97A substitution abolished serine-97 phosphorylation as expected, but did not detectably alter the overall expression of Syt12 ( Fig. 2A) . Again as expected, we could not detect any Syt12 protein in Syt12 KO mice, demonstrating that the genetic manipulations of the Syt12 gene worked as intended ( Fig. 2A) .
We next tested whether the Syt12 S97A substitution or the Syt12 KO caused a major effect on brain structure or composition. Overall size and morphology of mutant brains did not reveal obvious changes. Analyses of the levels of a series of synaptic proteins by quantitative immunoblotting using 125 I-tagged secondary antibodies confirmed that Syt12 is deleted in Syt12 KO mice, but failed to identify major changes in any protein tested (Figs. 2B-2E ). These experiments thus suggest that the Syt12 S97A substitution and the Syt12 KO did not cause a major restructuring of the brain.
Cortical neurons cultured from Syt12 KO mice do not exhibit major changes in synaptic transmission
To analyze the functional consequences of the Syt12 mutations, we first tested in cultured cortical neurons the effect of the Syt12 KO on basal synaptic transmission and on the potentiation of synaptic transmission by forskolin (Fig. 3) . We performed these measurements in cultured cortical neurons because this preparation allows quantitative measurements of basal synaptic parameters (Maximov et al., 2007b) . We analyzed the Syt12 KO rather than the S97A substitution because we expected that any phenotype of S97A-KI mice should also be present in KO mice, whereas the reverse may not necessarily be true. Furthermore, we examined the effect of forskolin because our previous studies had shown that Syt12 overexpression altered a neuron's response to forskolin (Maximov et al., 2007a) , suggesting that the Syt12 KO may also do so.
Measurements of the spontaneous miniature EPSC (mEPSC) frequency or amplitude failed to reveal a difference between neurons obtained from littermate WT and Syt12 KO mice, and application of forskolin produced the same increase in mEPSC frequency in WT and KO neurons (Fig. 3A) . Similarly, the frequency and amplitude of spontaneous miniature IPSCs (mIPSCs) was not changed in Syt12 KO neurons, and the increase of mIPSC frequency induced by forskolin was also unaffected by the Syt12 KO (Fig. 3B) . Furthermore, no difference in amplitude of evoked EPSCs or of evoked IPSCs was noted between WT and Syt12 KO neurons (Fig. 3C, 3D) . These results were surprising considering the large enhancement of the forskolin-induced increase in mIPSC frequency that we previously observed upon overexpression of WT but not S97A-mutant Syt12, which suggested that the level of Syt12 regulates neurotransmitter release by a mechanism involving PKA- dependent phosphorylation of serine-97 (Maximov et al., 2007a) . Thus, we asked whether a change in the precise experimental conditions between the earlier work and the current experiments may have contributed to the apparent discrepancy in results. In addition, we inquired whether forskolin-dependent changes in mEPSC frequency may also be potentially sensitive to Syt12 levels. To address these questions, we analyzed mEPSC and mIPSC frequencies and amplitudes in WT neurons that were infected with control lentivirus or lentiviruses overexpressing either WT or S97A-mutant Syt12.
We found that Syt12 overexpression had no detectable effect on mEPSC frequency or amplitude without or with addition of forskolin (Fig. 4A) . Syt12 overexpression did, however, increase the mIPSC frequency but not amplitude by nearly 50% when mIPSCs were stimulated by forskolin; this effect was blocked by the S97A-substitution in Syt12 (Fig.  4B) . These results confirm that increasing the Syt12 concentration enhances the mIPSC frequency at least upon activation of adenylate cyclase by forskolin, and that this effect depends on serine-97 in Syt12. Moreover, these results show that this effect is specific for mIPSCs and not observed with mEPSCs. Since the Syt12 KO and the Syt12 S97A KI do not alter the forskolin-induced increase in mIPSC or mEPSC frequency (Fig. 3) and since Syt12 overexpression does not affect the forskolin-induced increase in mEPSC frequency (Fig. 4) , the overexpression data cannot be interpreted to reflect a direct and essential role for Syt12 in the PKAdependent activation of spontaneous release. Instead, these data suggest that the Syt12 overexpression effect may be an indirect consequence of a physiological role of Syt12 in a different PKAdependent regulation of neurotransmitter release that is not directly related to spontaneous mini release.
Normal synaptic strength in the CA1 region of the hippocampus of Syt12 S97A KI and Syt12 KO mice Although monitoring synaptic transmission in cultured neurons allows determination of fundamental synaptic parameters, important properties of normal synaptic transmission may be lost in neurons cultured from newborn animals. Thus, we next asked whether the Syt12 S97A substitution or the Syt12 KO may affect synaptic transmission in situ in juvenile mice. For these experiments, we chose the CA1 region of the hippocampus, arguably one of the best understood brain areas in terms of synaptic transmission.
Input-output curves of excitatory synaptic transmission at Schaffer collateral synapses, measured by extracellular field recordings, detected no difference between slices obtained from littermate WT and either Syt12 S97A KI or KO mice (Fig. 5 A, C) . Similarly, measurements of the paired-pulse ratio-a form of short-term synaptic plasticity measured as the relative strength of the second of two consecutive synaptic events, and monitored as a function of the interstimulus interval-revealed no change, suggesting that there is no alteration in release probability (Fig.  5 B, D) .
We also examined inhibitory synaptic events in CA1 pyramidal neurons as assessed by whole-cell recordings. During systematic probing of inhibitory synapses in the CA1 region of Syt12 S97A-KI or KO mice, we detected no phenotype either in evoked IPSCs (Fig. 5 E, G) , or paired-pulse ratio (Fig. 5 F, H ) . Thus, similar to what we observed in cultured cortical neurons, we found no significant phenotype induced by Syt12 mutations in acute slices of the CA1 region of the hippocampus.
Normal short-term plasticity at hippocampal mossy-fiber synapses of Syt12 S97A KI mice We next examined transmission at mossy fiber to CA3 pyramidal neuron synapses (mf-CA3) in Syt12 S97A KI mice. These synapses exhibit uniquely robust short-term plasticity, such as frequency facilitation and paired-pulse facilitation, and a characteristic form of presynaptic LTP (Nicoll and Schmitz, 2005) . To better assess mf-CA3 short-term plasticity, we monitored the NMDA-receptor mediated component of transmission under conditions of reduced network excitability (i.e., by blocking AMPA/kainate receptor-mediated transmission and using medium containing 4 mM Ca 2ϩ /4 mM Mg 2ϩ ). These recording conditions reduce the likelihood of eliciting polysynaptic contamination generated by auto-associational/commissural fiber inputs that also synapse onto CA3 pyramidal cells, thus facilitating a more accurate measurement of mossy fiber synaptic transmission (Nicoll and Schmitz, 2005) . We observed no differences in frequency facilitation-elicited by 5 stimuli, 25 Hz bursts, or by stepping the stimulation rate from 0.05 to 0.5 Hz-or paired-pulse facilitation between Syt12 S97A KI and WT mice (Fig. 6) . Thus, lack of Syt12 phosphorylation (at S97) does Figure 9 . Forskolin-induced potentiation of mossy fiber synaptic transmission in Syt12 WT, S97A, and KO mice examined using whole-cell recordings. A, Representative traces (top) and summary graphs (bottom) of NMDA-receptor-mediated EPSCs recorded from pyramidal neurons in the CA3 region of the hippocampus in slices from littermate WT and Syt12 S97A KI mice. The summary graph depicts the normalized EPSC amplitude as a function of time before and after addition of 10 M forskolin that was applied as indicated by the gray bar. Numbers indicate time-points for the traces shown above. DCG-IV (1 M) was bath applied at the end of each individual experiment to determine the contribution of mossy fibers to synaptic transmission. For clarity, the DCG-IV block data were removed from the summary graph. The magnitude of forskolin-induced, long-term enhancement was significantly different between groups (WT 251.8 Ϯ 37.5% of baseline; S97A 152.9 Ϯ 20.8% of baseline; p ϭ 0.040), whereas the short-term enhancement (min 5 to min 15) was not (WT 325 Ϯ 45% of baseline; S97A 270 Ϯ 37% of baseline; p ϭ 0.356). B, Same as A except that slices were from littermate Syt12 KO and WT mice (forskolin-induced long-term enhancement: WT 207.8 Ϯ 33.8% of baseline; KO 104.2 Ϯ 12.7% of baseline; p ϭ 0.027; short-term enhancement 353 Ϯ 48% of baseline; KO 260 Ϯ 53% of baseline; p ϭ 0.153). Data are plotted as means ϮSEM. Number of slices/mice tested are indicated in parenthesis. Horizontal brackets in the bottom panels indicate the time window where the magnitude of forskolin-induced potentiation was measured.
not seem to play a role in short-term plasticity at mossy-fiber synapses.
Decreased LTP in mossy-fiber synapses of the CA3 region of the hippocampus of Syt12 S97A KI and Syt12 KO mice We next examined LTP at mossy fiber synapses (mfLTP), a presynaptic form of long-term plasticity (Nicoll and Schmitz, 2005) whose induction requires activation of the cAMP/PKA cascade (Huang et al., 1994; Weisskopf et al., 1994) . To this end, we first performed extracellular field recordings (in medium containing 4 mM Ca 2ϩ /4 mM Mg 2ϩ ) in acute slices from Syt12 S97A-KI mice and Syt12 KO mice. We found a significant reduction (ϳ50%) in the magnitude of mfLTP in both mutant mice (Fig. 7) , as analyzed in a time window of 50 -80 min post-induction. While the magnitude of post-tetanic potentiation (PTP; e.g., the first 5 min post-tetanus) also seemed to be reduced, such a change is difficult to interpret given the large contamination of extracellular responses with population action potentials that transiently occur in response to strong presynaptic activity (Nicoll and Schmitz, 2005) .
In a further series of experiments, we probed the effect of the Syt12 S97A KI on mfLTP by intracellular recordings under experimental conditions designed to limit network excitability as in Figure 6 . Again, we observed a ϳ50% decrease in the extent of mfLTP in S97A KI mice (Fig. 8A-8C) , as analyzed at 40 -50 min following LTP induction. We also measured the paired pulse ratio of synaptic responses before and after mfLTP induction (Fig.  8D) . Consistent with its presynaptic expression, mfLTP in WT mice was associated with a decrease in PPR, whereas mfLTP was not accompanied by a significant change in PPR in S97A KI mice (Fig.  8D ). Of note, under these recording conditions of reduced excitability, no changes in PTP were observed. Together, these results show that Syt12 S97A KI and the Syt12 KO mice exhibit the same synaptic impairment in LTP, indicating that the KO phenotype reflects a lack of activation of Syt12 by phosphorylation of serine-97.
Decreased forskolin-induced long-term increase in synaptic transmission in mossy-fiber synapses of Syt12 S97A-KI and KO mice mfLTP is known to depend on activation of PKA by cAMP. However, our previous studies in mutant mice such as those lacking Rab3A and RIM1␣ (Castillo et al., 2002) failed to detect deficits in the potentiation of transmitter release at mf-CA3 synapses by the adenylate-cyclase activator forskolin. Thus, we tested whether Syt12 mutant mice were normally responsive to forskolin at mossy fiber synapses. The experimental conditions were as in Figure 6 , but with normal ACSF in the bath solution. While forskolin initially increased synaptic responses in WT and mutant synapses to a similar extent, both the Syt12 S97A KI and the Syt12 KO nearly abolished the long-term increase in synaptic responses induced by an application of forskolin (Fig. 9) , as analyzed at 50 -60 min following the start of forskolin application. Together, these results suggest that forskolin activates multiple separate processes to enhance synaptic transmission, of which only the long-term process is affected by the Syt12 mutations, which is similarly impaired by the Syt12 KO and S97A KI. forms of synaptic plasticity that also depend on cAMP/PKA signaling. We first studied the forskolin-induced increase in mIPSC frequency in acute slices from the CA1 area of the hippocampus. Similar to the results obtained in cultured neurons (Fig. 3B) , we detected no difference between WT and Syt12 KO neurons (Fig. 10 A, B) . We next examined iLTD, a cAMP-dependent long-term presynaptic form of plasticity at inhibitory synapses ) that requires retrograde endocannabinoid signaling, RIM1␣, and phosphorylation of an as-yet-unidentified PKA target (Chevaleyre et al., 2007; Kaeser et al., 2008) . We found no difference in the magnitude of iLTD in WT and Syt12 KO slices (Fig.  10C ). In addition, the adenylate cyclase activator forskolin induced similar potentiation of IPSCs in both groups (Fig.  10D) . It is therefore unlikely that Syt12 plays a role in cAMPdependent changes of inhibitory synaptic transmission such as iLTD.
Discussion
In the present study, we generated two lines of mutant mice, KI mice containing the S97A-substitution in Syt12 that abolishes PKA-dependent phosphorylation of Syt12, and KO mice that lack Syt12 (Figs. 1, 2). We found that Syt12 in general, and serine-97 of Syt12 in particular, is essential for normal mfLTP in the CA3 region of the hippocampus (Figs. 7-9 ). This requirement was documented in both Syt12 S97A KI mice and in Syt12 KO mice, using both extracellular and intracellular recordings and different recording conditions. Moreover, we found that Syt12 is essential for the forskolin-induced long-term enhancement of mossy fiber synaptic transmission, but is dispensable for the forskolin-induced short-term potentiation of mf-CA3 transmission (Fig. 9) . Thus, we conclude that the synaptic vesicle protein Syt12 is an intrinsic component of the machinery that mediates presynaptic mfLTP in the CA3 region of the hippocampus. In total, we analyzed the phenotype of Syt12 S97A KI and Syt12 KO mice in five different synapses: excitatory and inhibitory synapses formed by cortical neurons cultured from newborn mice (Fig. 3) , excitatory synapses formed by Schaffer collaterals and inhibitory synapses formed by interneurons in the CA1 region of the hippocampus (Figs. 5, 10) , and excitatory synapses formed by mossy fibers in the CA3 region of the hippocampus (Figs. 6-9 ). Our results demonstrate that Syt12 is not essential for basal synaptic transmission or short-term plasticity in cultured cortical neurons or in acute slices from the CA1 region of the hippocampus, and is also not required for basal synaptic transmission or short-term plasticity in mossy-fiber synapses monitored in acute slice from the CA3 region of the hippocampus (Figs. 6, 8) . Unexpectedly in view of our previous more indirect studies (Maximov et al., 2007a) , the Syt12 KO had no effect on the forskolin-induced increase in mEPSC or mIPSC frequency in cultured neurons (Fig. 3) , as well as mIPSC frequency or evoked IPSCs in acute slices (Fig.  10) . However, we confirmed in independent experiments our previous results (Maximov et al., 2007a ) that Syt12 overexpression can lead to an increase in mIPSC frequency when the frequency is enhanced by forskolin treatment, and that this effect depends on the presence of serine-97 as a PKA target (Fig. 4) . Finally, the Syt12 KO did not alter iLTD [which is known to be PKA-dependent (Chevaleyre et al., 2007) ] at inhibitory synapses of the CA1 region of the hippocampus (Fig. 10) .
Viewed together, our results rule out an essential role for Syt12 in synaptic transmission as such, consistent with the lack of a survival phenotype or major changes in brain protein composition in the Syt12 KO and Syt12 S97A KI mice (Figs. 1,  2) . The discrete and selective phenotype of the Syt12 mutant mice that is restricted to one particular synapse and one particular form of long-term synaptic plasticity is surprising given its abundance and widespread expression (Thompson, 1996; Maximov et al., 2007a) . Although our results identify an essential role for Syt12 in the PKA-dependent regulation of synaptic strength during mfLTP, our results also show that Syt12 is not required for the PKA-dependent regulation of spontaneous mini release. This conclusion differs from our earlier hypothesis-based on overexpression experimentsthat Syt12 may be involved in the PKA-dependent basal regulation of synaptic transmission (Maximov et al., 2007a) . In hindsight, a plausible interpretation of the overexpression data (Fig. 4) is that they correctly indicated that PKAdependent phosphorylation at serine-97 of Syt12 is an important regulatory step in neurotransmitter release, but that they did not reveal the nature of this regulatory step-namely the PKA-dependent regulation of presynaptic LTP-which could only be identified with the genetic approach used in the present study.
Other proteins were previously shown to be required for mfLTP, in particular Rab3A and RIM1␣ (Castillo et al., 2002) , but the mechanisms of their involvement remains unclear (Fig. 11) . mfLTP is induced by activation of PKA (Huang et al., 1994; Weisskopf et al., 1994) and involves phosphorylation of an unknown target protein that then increases presynaptic release probability (Xiang et al., 1994) . Based on studies in cultured cerebellar neurons from RIM1␣-deficient mice, we initially suggested that RIM1␣ might be the target for PKA in mfLTP (Lonart et al., 2003) . Using KI mice in which the PKA-phosphorylated serine-413 of RIM1␣ was substituted by an alanine, however, we subsequently found that the phosphorylation of RIM1␣ by PKA is not essential for mfLTP (Kaeser et al., 2008) , as confirmed by others (Yang and Calakos, 2010). Figure 11 . Illustration of molecular pathways involved in presynaptic mfLTP induction. During repetitive activation of mossy fibers, Ca 2ϩ accumulates in presynaptic nerve terminals outside of the immediate area of the active zone, thereby activating adenylate cyclase (AC) via calmodulin. Adenylate cyclase activation increases the presynaptic levels of cAMP which in turn activates protein kinase-A which phosphorylates Syt12 and possibly other targets. These targets then cooperate with RIM1␣ and Rab3A to increase the efficacy of the neurotransmitter release machinery, thereby producing a long-lasting enhancement of neurotransmitter release.
The fact that Syt12 S97A KI mice exhibit the same phenotype in mfLTP as Syt12 KO mice shows that PKA-dependent phosphorylation of serine-97 of Syt12 is required for mfLTP. The data presented here thus suggest that Syt12 represents at least one of the PKA-targets whose phosphorylation induces mfLTP (Fig. 11) . Although our results do not necessarily mean that Syt12 is the only PKA target whose phosphorylation is required for mfLTP, these findings identify Syt12 as the currently only known PKA target for mfLTP. This conclusion is supported by the observation that Syt12 is essential for the long-lasting potentiation of synaptic transmission that is induced by a cAMP/PKA activator at mossy fiber-CA3 synapses (Fig. 9) . Syt12 is in an excellent position to regulate synaptic exocytosis based on its localization to synaptic vesicles and its interaction with Syt1 (Maximov et al., 2007a) . Although the mechanisms by which phosphorylation of Syt12 regulates mossy fiber synaptic transmission remain unexplored, it seems plausible that Syt12 phosphorylation may increase the presynaptic release probability of a synapse by altering the interaction of Syt12 with a target protein. No candidate Syt12 interacting protein is known in addition to Syt1 [whose binding to Syt12 is not affected by PKA-dependent phosphorylation; see the study by Maximov et al. (2007a) ], making it difficult at present to test this hypothesis.
Our study raises important new questions, the most important of which probably regards the function of Syt12 in synapses not expressing PKA-dependent presynaptic forms of plasticity, such as mfLTP. The widespread expression of Syt12 throughout the brain (Thompson, 1996; Maximov et al., 2007a) raises the possibility that Syt12 may have additional regulatory functions in addition to controlling the PKAdependent plasticity, but that these other functions are not apparent during basal release reactions. Our findings do not rule out the possibility that Syt12 performs other functions in synaptic transmission in addition to its essential role in mfLTP. For example, Syt12 could play a fundamental role in regulating Syt1 efficacy, but this role may be shared with other Ca 2ϩ -independent synaptotagmins. A systematic analysis of potentially redundant Ca 2ϩ -independent synaptotagmins, especially Syt13-Syt16, will be required to address this possibility in future studies. Another, possibly equally important question is what molecule mediates the PKA-dependent suppression of synaptic transmission during iLTD, which is another PKA-dependent form of presynaptic long-term plasticity but does not require Syt12 (Fig. 10) . Clearly, Syt12 phosphorylation by PKA alone does not account for all presynaptic long-term plasticity mediated by PKA, and other PKA substrates are likely involved.
In summary, our data identify the PKA-dependent phosphorylation of Syt12 as an essential step in the expression of mfLTP, and thereby demonstrate that Syt12 regulates neurotransmitter release during mfLTP consistent with its localization to synaptic vesicles and its phosphorylation by PKA.
